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ABSTRACT
We re-examine critically the estimates of the duration of different phases of star formation and the
lifetimes of molecular clouds, based on the ages of T-Tauri stars, age spreads of stars in clusters,
and statistics of pre-stellar cores. We show that all available observational data are consistent with
lifetimes of molecular clouds comparable to ≈ 107 yr, as well as with the predictions of the theory
of self-initiated, ambipolar-diffusion–controlled star formation. We conclude that there exists no
observational support for either “young” molecular clouds or “rapid” star formation.
Subject headings: accretion – IS dust – magnetic fields – MHD – molecular clouds: ages – star formation
1. INTRODUCTION
According to the theory of self-initiated, ambipolar-
diffusion–controlled star formation, ambipolar diffusion
is responsible for the fragmentation of molecular clouds
and the formation of thermally and eventually magneti-
cally supercritical protostellar fragments (or cores) in ini-
tially magnetically subcritical parent clouds (see reviews
by Mouschovias 1987, 1996, and references therein). The
formation of supercritical fragments takes place on a
timescale between 105 and a few × 107 yr, depending on
the initial mass-to-flux ratio, and degree of ionization of
the parent cloud. The subsequent contraction of the su-
percritical cores and the formation of stars within them
is dynamic but slower than free-fall.
A number of authors have recently claimed that a series
of observational results on the ages of molecular clouds
and the timescale of star formation suggest that molec-
ular clouds are “young” compared to the ambipolar-
diffusion timescale, and hence these observations con-
tradict the predictions of the ambipolar-diffusion theory
(e.g., Hartmann et al. 2001; Elmegreen 2000). We re-
examine these underlying observations and show that
the timescales they claim to be measuring are severely
underestimated, because they only represent part of the
relevant processes (star formation and lifetimes of molec-
ular clouds). We then show that the quantitative predic-
tions of the ambipolar-diffusion theory for the timescales
of the observed phases of star formation are in excellent
agreement with observations. There is no observational
support for a scenario of “rapid star formation”.
2. AGE OF T-TAURI STARS AND ITS RELATION TO THE
STAR-FORMATION TIMESCALE AND THE AGE OF
MOLECULAR CLOUDS
It has been argued that the sound-crossing time in
molecular clouds, given their observed typical size and
temperature, is ≈ 107 yr and that (1) this places a lower
limit on the lifetime of molecular clouds, and (2) that
the clouds are expected to harbor a stellar population
of comparable age (Hartmann et al. 1991). Yet, based
on Hayashi-track age estimates, the pre-main–sequence
stars found in surveys are typically younger (≈ 106 yr)
(Herbig 1978; Cohen & Kuhi 1979; Herbig et al. 1986).
This apparent discrepancy is known as the “Post–T-
Tauri Problem”.
Hartmann et al. (1991) estimated the age of T-Tauri
stars in the Taurus molecular cloud using pre-main–
sequence evolutionary tracks to obtain their masses and
from that the Kelvin-Helmholtz timescale. They found a
relatively short mean age (≈ few× 106 yr) and they con-
cluded that the mass estimates from standard Hayashi
pre-main-sequence evolutionary tracks are not reliable.
Gomez et al. (1992) repeated the study for a larger sam-
ple of newborn stars at different parts of the Taurus cloud
with the same results. However, this time the conclusion
was that the molecular clouds must be younger than pre-
viously thought. Subsequent work focused on refining the
pre-main–sequence evolutionary tracks, but comparison
between different sets of tracks for low-mass pre-main–
sequence stars yield only a factor of 2 difference in the age
estimates (White et al. 1999; Simon et al. 2001). Hence
the consensus is that the expected population of older
(≥ 5 Myr) pre-main–sequence stars is missing.
The above considerations have led to the “Rapid Star
Formation” scenario (Ballesteros-Paredes et al. 1999;
Elmegreen 2000; Hartmann 2001; Hartmann et al. 2001),
which favors short-lived (≈ a few Myr) molecular clouds
and consequently a short (≈ 1 Myr) timescale of star
formation. According to this scenario, giant molecular
clouds form rapidly (in a time ≈ 106 yr) due to colliding
streams of turbulent flows. “Cores” (of sizes ≈ 0.1 pc)
within giant molecular clouds then also form rapidly due
to supersonic turbulence and immediately collapse dy-
namically to form stars.
2.1. Star-Formation Timeline
Although the observations cited above have signifi-
cantly contributed to a better understanding of the T-
Tauri phase of star formation, the conclusions that have
been drawn from them concerning the overall duration
of the star-formation process and the ages of molecular
clouds are not valid. They are based on a fundamentally
flawed understanding of the star formation timeline.
To demonstrate this point, we show in Figure 1 a
star-formation timeline depicting the star-formation pro-
cess as a whole, starting at mean molecular cloud den-
sities and ending with the emergence of zero-age main-
2Fig. 1.— Star Formation Timeline (not to scale).
sequence stars. We distinguish three different phases. In
phase A, which has a duration τA, typical “starless cores”
form and contract toward the creation of protostars. At
the end of phase A, hydrostatic protostellar cores (pro-
tostars) have formed, and accrete mass through phase B,
which has a duration τB. Finally, when mass accretion
stops, the pre-main–sequence stars contract, almost at
constant mass, at the Kelvin-Helmholtz timescale τKH.
These objects are known as T-Tauri stars, and the time
interval during which the Kelvin-Helmholtz contraction
takes place is phase C, with duration τC ≈ τKH. At
the end of phase C, the stars reach the zero-age main-
sequence.
All the aforementioned observational work estimates
the duration of the T-Tauri phase, or phase C in Figure
1. The “zero point” of what the authors call “age” of the
T-Tauri stars is the beginning of phase C. Therefore, all
the quoted estimates for the “ages” are only estimates
of τC . These measurements offer no information at all
on the duration of phases A and B, and hence on the
duration of the star-formation process as a whole, or on
the ages of molecular clouds.
The notion that phases A and B are short compared
to phase C (T-Tauri phase) and therefore the duration of
phase C sets the timescale for the star formation process
as a whole is not (and cannot be) supported by observa-
tions measuring only the duration of phase C. In fact, as
we discuss in §4, measurements of the duration of phase
A yield τA & τC . Consequently, neglecting phase A leads
to a serious underestimate of the timescale of star for-
mation and to erroneous conclusions about the age of
molecular clouds.
If the neglected time interval τA corresponding to
phase A is long compared to the Kelvin-Helmholtz
timescale (as is typically, but not always, the case in
ambipolar-diffusion–induced core formation in magnet-
ically subcritical clouds), then the overall ages of the
pre-main–sequence stars are ≈ 107 yr, and the “post-
T-Tauri” problem no longer exists.
3. AGE SPREADS OF STARS IN CLUSTERS
Observations of the age spreads of stars in Galactic
open clusters have yielded diverse results. Some obser-
vations showed significant age spreads (e.g., NGC 3293,
Herbst & Miller 1982; NGC 6231, Sung et al. 1998),
while others found no appreciable age spreads (e.g. NGC
6531, Forbes 1996; NGC 3293, Baume et al. 2003). Sim-
ilarly, attempts to use the spread of the estimated ages
of T-Tauri stars to study the history of star-forming re-
gions (Palla & Stahler 2000) were hampered by observa-
tional errors and uncertainties (Hartmann 2001). Still,
results suggesting small age spreads in star clusters have
been used to draw support for the idea that molecu-
lar clouds are younger than their sound crossing times
(≈ 107 yr) and for the rapid star-formation scenario (e.g.,
Elmegreen 2000).
These conclusions are based on the implicit assump-
tion that the cluster age spread is always comparable
to the molecular cloud lifetime, τspread ≈ τMC, which,
as shown in Figure 2, is not true. Figure 2 is a sketch
of the star formation history of a molecular cloud ac-
cording to the ambipolar-diffusion theory (Fig. 2a), and
according to the rapid star-formation scenario (Fig. 2b).
Time increases upward along the vertical axes. The two
solid horizontal lines represent the instances of birth and
dispersion of the parent cloud. Each parallelogram rep-
resents the time τSF for the formation of stars from mate-
rial of mean cloud density. The first star forms τSF after
the birth of the cloud. In Figure 2a, τCF (longer, un-
shaded part of each parallelogram) is the time required
for the formation of a magnetically supercritical core and
is comparable to the ambipolar-diffusion timescale, τAD;
and τlate (shorter, shaded part of each parallelogram) is
the duration of the later stages of star formation. No
stars can form after the dispersion of the parent cloud
unless a supercritical core has already formed by the time
of dispersion. Hence, the rightmost parallelogram in Fig-
ure 2a is not realizable in nature and is crossed out in the
figure. Altogether then, if the age spread τspread of the
stars formed during the lifetime of a particular molecular
cloud is determined observationally, the general relation
allowing the determination of the parent molecular cloud
lifetime τMC is (see Fig. 2a):
τMC = τSF + τspread − τlate = τspread + τCF. (1)
Using equation (1), the observed values of τspread, and
the ambipolar-diffusion theory of star formation ( τCF ≈
τAD), we find molecular cloud lifetimes to be consistent
with molecular cloud age estimates based on cloud cross-
ing times (≈ 107 yr) 1.
The interpretation of observations of age spreads ac-
cording to the proponents of the rapid star-formation
scenario is shown in Figure 2b. In this case, the core
formation phase is essentially non-existent, τCF ≈ 0, so
equation (1) gives τMC = τspread and the molecular clouds
are found to be young. However, such an interpretation
cannot possibly be considered as observational support
for the rapid star-formation scenario because the assump-
tion of rapid star formation, τCF ≈ 0, is already built in.
4. STATISTICS OF PRE-STELLAR CORES AND THE
TIMESCALE OF STAR FORMATION
Another technique for inferring the timescale of star
formation has its origin in the following simple statis-
tical argument: Since a core with an embedded point
source (hydrostatic protostellar object) is preceded, in
an evolutionary sense, by a starless core, then the ratio
of the number of cores with embedded point sources and
the number of starless cores should reflect the ratio of
the duration of each phase; i.e.,
τstarless core
τembeddedp.s.
=
# starless cores
# cores with embedded point sources
(2)
1 This result does not depend on the duration of the late stages
of star formation, τlate.
3Fig. 2.— Interpretation of observations of age spreads in star clusters. Time increases upward along the vertical axes. The two solid
horizontal lines in each panel represent the instances of birth and dispersion of a molecular cloud. Each parallelogram represents the
process of formation of a single star (not to scale). (a) Ambipolar Diffusion Theory: the time required for the formation of a magnetically
supercritical core, τCF , is a large fraction of the star-formation timescale, (b) Rapid Star-Formation Scenario: the core-formation timescale
is neglected by assumption, and the age of the molecular cloud is consequently the same as the age spread of stars in a stellar cluster within
the cloud.
(Beichman et al. 1986). This method has been employed
to estimate the evolutionary timescale of prestellar cores
(Ward-Thompson et al. 1994; Jijina et al. 1999; Lee &
Myers 1999; Jessop & Ward-Thompson 2000).
Lee & Myers (1999) presented an all-sky survey of op-
tically selected cores and found an overall ratio of cores
with embedded point sources and starless cores of about
0.3. Using values for the evolutionary timescale of the
embedded point-source phase between 1 − 5 × 105 yr
(Class 0 and Class I objects), they concluded that the
duration of the starless core phase is about 106 years.
Based on a survey of NH3 cores, Jijina et al. (1999) found
a similar result. In both cases, the authors concluded
that the number of detected prestellar cores is too small
to be consistent with ambipolar-diffusion–initiated star
formation predictions.
Ward-Thomson et al. (1994) and Jessop & Ward-
Thompson (2000) used 100 µm and 60 µm all sky sur-
veys and found a ratio ≈ 1/10 of cores with embedded
point sources and starless cores. From this result, us-
ing a value τembeddedp.s. = 10
6 years (including in this
phase Class 0, Class I, and Class II objects), they found
τstarless core = 10
7 years and concluded that this value
is consistent with the ambipolar-diffusion theory of the
starless core phase.
Caution should be exercised when using the results
obtained in the way described above. Observationally,
only the ratio of τstarless core and τembeddedp.s. can be de-
termined. A specific estimate for either one of the two
timescales requires a theoretical value for the other. Any
theoretical uncertainty in the assumed timescale is car-
ried over to the estimated one. However, even if one
accepts the value for τstarless core as derived from an as-
sumed τembeddedp.s., one should be very careful in com-
paring it with ambipolar-diffusion–induced core forma-
tion and evolution timescales. First, typical starless cores
spend an appreciable fraction of phase A in Figure 1 hav-
Fig. 3.— Column density σ (in units of the mean column density
of the parent cloud) of an ambipolar-diffusion–controlled fragment
(or “core”) as a function of time. The initial mass-to-flux ratio
(in units of its critical value for collapse) is µ0 = 0.25. Solid line:
average σ when fragment is viewed “face-on”. Dot-dashed line: σ
at the center of the fragment. The dotted lines mark the instances
at which column-density enhancements of 3 and 4 are achieved,
with respect to the initial (parent-cloud) column density.
ing column-density contrasts with the parent cloud too
low to be identified as “cores”. Second, the actual du-
ration of the starless core phase is not a universal num-
ber in the ambipolar-diffusion theory. It depends on the
mass-to-flux ratio (M/ΦB) of the parent molecular cloud
(Fiedler & Mouschovias 1993; Ciolek & Basu 2001).
4Fig. 4.— Time evolution of the central number density of
a core for three different values of the initial mass-to-flux ratio
µ0 = (M/ΦB)/(M/ΦB)critical: µ0 = 0.25 (solid line), µ0 = 0.5
(dashed line), and µ0 = 0.8 (dot-dashed line). The horizontal
line represents the central density of a well defined ammonia core,
2 × 104 cm−3, while the “star” on each curve marks the time of
formation of a supercritical core in each case (≈ 17, 9, and 2 Myr,
respectively).
To demonstrate the first point, we plot in Figure
3 the column density of a model ambipolar-diffusion–
controlled “core”, in units of the background column den-
sity of the parent cloud, as a function of time. The solid
line represents the value of the average column density
of the oblate fragment when observed face-on out to a
radius where a magnetically supercritical core eventually
forms. The dot-dashed line corresponds to the value of
the central column density of the core.
In all the observational work reviewed above, a density
contrast of at least a factor 2 - 4 is required in order
to identify an object as a “core”. As seen clearly in
Figure 3, the model cloud requires ≈ 107 years before
it reaches a column-density contrast of 2 with respect
to the background (parent cloud), during which time it
would not be identified as a core in observational surveys.
A density contrast of a factor of 3 is not developed until
after about 1.4×107 years. Hence, observational surveys
miss a large part of the evolutionary phase preceding the
formation of a supercritical core, and the actual duration
of phase A is therefore severely underestimated; i.e., the
fraction of phase A observable by these surveys is only a
small fraction of the entire duration of phase A (τA, obs ≪
τA of Fig. 1).
The model cloud of Figure 3 is characterized by
a relatively small initial mass-to-flux ratio [µ0 =
(M/ΦB)/(M/ΦB)critical = 0.25]. To demonstrate the de-
pendence of the duration of phase A on µ0, we plot in
Figure 4 the time evolution of the central number den-
sity of the core for three different values of µ0 (see, also,
Fiedler & Mouschovias 1993, Fig. 9a). The horizontal
solid line corresponds to the minimum central density of
a well-defined ammonia core (2×104 cm−3). The shaded
bands represent the duration of the observable (using
ammonia cores) part of phase A. For the most subcriti-
cal cloud (µ0 = 0.25, solid line), τA,obs ≈ 5 Myr, while it
is only ≈ 2 Myr for the case µ0 = 0.5 (dashed line), and
≈ 1 Myr for the case µ0 = 0.8 (dot-dashed line). Thus
the lifetime of the observable “starless core” predicted
by the ambipolar-diffusion theory depends on the value
of the mass-to-flux ratio of the parent molecular cloud,
and can be < 1 Myr, in complete agreement with obser-
vations. The closer to the critical value the mass-to-flux
ratio is, the smaller the observable starless-core lifetime,
with a lower limit being the magnetically diluted free-fall
timescale.
5. CONCLUSIONS
We have re-examined the observational estimates of
the lifetimes of molecular clouds and the timescale of star
formation (based on ages of T-Tauri stars, age spreads
of stars in clusters, and statistics of pre-stellar cores).
All available measurements or estimates of the duration
of different phases of the star formation process and of
molecular-cloud lifetimes are completely consistent with
the theoretical predictions of the ambipolar-diffusion–
controlled fragmentation of molecular clouds and evolu-
tion of the protostellar fragments.
Observations of ages of T-Tauri stars only measure the
duration of the late stages of star formation (after the
formation of a hydrostatic core) and offer no informa-
tion on the earlier stages, which can be (and, according
to the ambipolar-diffusion theory, typically are) of much
longer duration. These observations are consistent with
molecular-cloud lifetimes ≈ 10 Myr.
Observations of age spreads of stars in clusters can
only be used to derive molecular-cloud lifetimes un-
der some assumption concerning the core formation
timescale τCF (see Eq. [1]). In the ambipolar-diffusion–
induced star formation theory, τCF is the ambipolar-
diffusion timescale, and observations suggesting τspread ≈
1Myr are consistent with molecular-cloud lifetimes of
≈ 10Myr.
In a typical molecular cloud, ambipolar diffusion re-
quires ≈ 10Myr to produce a core with a factor of 2
density contrast with respect to the parent cloud. It
is only after this time that the object can be identified
as a core in observational surveys. The remaining, ob-
servable lifetime of a “starless core” is only a few Myr, a
value consistent with observations measuring the ratio of
starless-core and embedded-point–source lifetimes. The
observable lifetime of a starless core depends, according
to the ambipolar-diffusion theory, on the initial mass-to-
flux ratio of the parent cloud. The closer to critical this
ratio is, the shorter the observable “starless core” lifetime
(which can be . 1Myr for nearly-critical clouds).
Altogether, there is no observational evidence suggest-
ing that molecular clouds are younger than their sound-
crossing times. Therefore, “rapid” star formation is not
an “observational requirement”, all statements to the
contrary notwithstanding.
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